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Damage
Background: 27
Material loss at the taper junction of metal-on-metal total hip replacements (MOM-28 THRs) has been implicated in their early failure. The mechanisms of material loss are 29 not fully understood; analysis of the patterns of damage at the taper can help us better 30 understand why material loss occurs at this junction. 31
Methods: 32
We mapped the patterns of material loss in a series of 155 MOM-THRs received at 33 our centre by scanning the taper surface using a roundness-measuring machine. We 34 examined these material loss maps to develop a five-tier classification system based 35 on visual differences between different patterns. We correlated these patterns to 36 surgical, implant and patient factors known to be important for head-stem taper 37 damage. 38
Results: 39
We found that 63 implants had 'minimal damage' at the taper (material loss <1mm
3 ) 40 and the remaining 92 implants could be categorised by four distinct patterns of taper 41 material loss. We found that (1) head diameter and (2) time to revision were key 42 significant variables separating the groups. 43
Conclusion: 44
These material loss maps allow us to suggest different mechanisms that dominate the 45 cause of the material loss in each pattern: (a) corrosion, (b) mechanically assisted 46 corrosion or (c) intra-operative damage or poor size tolerances leading to toggling of 47 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT

Introduction 51
Material loss at the taper junction of stemmed metal-on-metal total hip replacements 52 (MOM-THRs) has been implicated in the early failure of these implants [1, 2] . It is 53 speculated that the mechanism of material loss at this junction involves either 54 corrosion [3-6], mechanical wear (fretting) or a combination of the two [7] . 55
56
Previous retrieval work has reported volumetric material loss from the head-stem 57 taper junction as high as 25 mm 3 [8], which accounts for a third of the total material 58 loss in contemporary MOM-THRs. However, few studies have specifically looked at 59 explaining the mechanisms [1] [2] [3] [4] [5] [6] behind this material loss and therefore this remains 60 an area of uncertainty. 61
62
Analysis of the patterns of taper surface damage can help us to understand material 63 loss mechanisms. Bishop et al. [1] analysed retrieved components from 5 patients and 64 identified two patterns of material loss: axisymmetric and asymmetric. They 65 attributed the asymmetric pattern to toggling of the head on the stem trunnion whilst 66 the axisymmetric pattern was attributed to a uniform seating of the head taper onto the 67 stem trunnion. The numbers of hips investigated in this study are however low and the 68 mechanisms of material loss remain unclear. 69
70
At our retrieval centre we noticed patterns of taper material loss that did not fit into 71 the two patterns suggested by Bishop et al. [1] . Consequently, we set out to (1) 72 identify the patterns of material loss at the head-stem taper junction in a series of 155M A N U S C R I P T
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Materials and Methods 76
This retrieval study involved a consecutive series of 155 failed MOM-THRs that had 77 been received at our centre. The hips were retrieved from 66 male and 89 female 78 patients with a median age of 61 years (26-83) and a median time to revision of 40 79 months (12-89); the reasons for revision, as reported by the revising surgeon, were 80
given unexplained pain (n=148) and implant loosening (n=7). The median head size 81 was 46 mm (36-58) and the median pre-revision whole blood cobalt and chromium 82 levels were 7.4 (0.6-212.4) and 3.5 (0.2-111) respectively; the median Co/Cr ratio was 83 1.45 (0.03-17.70). Pre-revision plain radiographs were obtained for each implant to 84 determine the median acetabular inclination and the median horizontal and vertical 85 femoral offsets; these were 42° (12-68), 37 mm (6-66) and 79 mm (10-145) 86
respectively. The implants consisted of over 10 different contemporary bearing 87 designs together with over 9 stem designs, Table 1 . 88
89
Head Taper Corrosion Assessment 90
A single examiner inspected all 155 head taper surfaces for evidence of corrosion 91 using macroscopic analysis and also light microscopy (maximum magnification 40X, 92
Leica Microsystems, Germany. Corrosion severity was graded using a well-published 93 four-tier classification system [6], which has previously been shown to be both 94 reproducible and repeatable [9] . 95 96
Taper Material Loss Pattern Mapping 97
The volume of material loss at the head taper surfaces was measured using a Talyrond A series of 180 vertical traces were taken along the axis of the taper surface using a 106 5µm diamond styles. These traces were combined to form a rectangular surface 107 depicting both undamaged regions and regions of material loss (hereafter referred to 108 as material loss maps); these maps visually depict the distribution and severity of 109 surface damage using a colour scale; this ranges from dark red regions representing 110 the unworn regions of the taper surface whilst the transition from yellow, to green, to 111 blue indicates regions of increasing material loss from the surface, Figure 1 . 112 Therefore, each material loss map creates a recognisable pattern which can be 113 categorised by an examiner. The subtraction of undamaged surface areas from 114 damaged areas also allows for an estimation of material loss volume. 115
116
Classification of Taper Damage Patterns 117
In this study we considered tapers that had lost less than 1mm 3 of material from their 118 surfaces as having 'minimal damage'. All tapers with less than 1mm 3 of material loss 119
were therefore categorised as being in the minimal damage group. 120
A committee consisting of two examiners experienced in retrieval analysis examined 121 each of the remaining taper material loss maps to jointly agree how these should be 122 categorised according to their visual appearance. The examiners were blind to all 123 material loss data for the hips. 124
Bearing Surface Material Loss Measurement 126
In order to assess the role of bearing surface wear on taper damage, we also measured 127 the volume of material loss of the cups and heads. Measurements were carried out 128 using a Zeiss Prismo (Carl Zeiss, Ltd., Rugby, UK) coordinate measuring machine 129 (CMM) with a 2 mm ruby stylus. The protocol acquired up to 30,000 data points 130 along 400 polar scan lines and data analysis was performed using an iterative least 131 square fitting operation (Matlab, Mathworks, Inc., Natick, MA). We utilized the 132 unworn geometry and fitting algorithms to determine the shape of the original 133 surfaces, thus enabling us to calculate volumetric material loss. The generated wear 134 maps were also used to determine of the implant had been edge wearing. 135
136
Analysis of Clinical and Implant Variables 137
We performed non-parametric analysis to determine the significance of differences 138 between the different damage pattern categories that had been proposed, in relation to 139 the clinical, implant and imaging variables described previously. 
Classification of Taper Damage Patterns 152
Our analysis revealed that there were 92 hips with material loss at the taper greater 153 than 1mm 3 ; a consensus was reached by the two examiners in this study to categorise 154 these hips into 4 different groups according to the visual appearance on their taper 155 material loss maps: (1) early axisymmetric (n=32), (2) late axisymmetric (n=21)
Taper Corrosion Assessment 162
The mean taper corrosion score of all implant was 2.8 (1-4). The implants in the 163 minimal damage group had a mean corrosion score of 2.5 (1-4); this was significantly 164 less (p<0.01) than implants with material loss greater than 1mm 3 , which had a mean 165 corrosion score of 2.9 (2-4). 166
167
Material Loss Measurements 168
The median volume of material loss of all taper surfaces was 1.20mm 3 (0-22.35). We 169 found that 63 implants had material loss measurements of less than 1mm 3 , with a 170 median of 0.65mm 3 (0-0.99); these were therefore categorised in the 'minimal 171 damage' group. The material loss of the minimal damage group was significantly less 172 than the early axisymmetric, late axisymmetric, asymmetric and coup-countercoupM A N U S C R I P T A C C E P T E D 
Analysis of Clinical and Implant Variables 183
Analysis of key clinical and implant variables included in this study revealed 184 significant differences between the groups in relation to: (1) head diameter and (2) 185 time to revision. 186
The median head diameter of the early axisymmetric group was 46mm (36-56) and 187 was significantly larger (p<0.001) than that of the minimal damage and coup-188 countercoup groups, which had median head diameters of 44mm (36-52) and 40mm 189 (36-48) respectively. There were no significant differences in relation to the late 190 axisymmetric and asymmetric groups, which had median head sizes of 46mm (36-52) 191 and 46mm (42-54) respectively. 192
The median time to revision of the minimal damage and early axisymmetric groups The coup-countercoup damage patterns appear to predominately (some corrosion may 268 still occur) be due to mechanical factors: a toggling of the stem trunnion inside of the 269 head taper such that there are increased localised contact stresses between diagonally 270 opposing ends of the trunnion and the surfaces of the taper. It is speculated that the 271 occurrence of toggling was due to either poor surgical assembly of the stem and head 272 components intraoperatively or due to poor size tolerances between the two matingM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
surfaces. It is however unclear from our current data if it is the surgical or implant 274 factor which is the dominant influencing factor. 275
It is important to note that mechanical factors, such as micromotion of the trunnion in 276 the taper, may also be involved to some extent in the other damage patterns observed 277 and may exacerbate the dominate corrosion mechanisms in these cases. Furthermore, 278 this mechanical movement may also result in changes to the trunnion surface, for 279 example due to fretting. Future studies involving a greater number of retrieved stems 280 should also consider damage patterns on this surface in their work. 281
282
Conclusion 283
In this retrieval study we discovered 63 implants with material loss of <1mm 3 at the 284 taper junction (minimal damage group) and the remaining 92 implants could be 285 described by 4 distinct patterns of material loss at the taper surfaces. 286
By comparing this patterns with surgical, implant and patient factors, we identified 287 key damage mechanisms as being corrosion, mechanically assisted corrosion and 288 either poor surgically or poor component size tolerances. 289
The knowledge gained from this study will allow (1) Table 2 : Taper damage classification system developed by a committee of two experienced examiners. Dark red regions represent the unworn regions of the taper surface whilst the transition from yellow, to green, to blue indicates regions of increasing material loss from the surface. The minimal damage group (a) consisted of tapers with less than 1mm 3 of material loss whilst the remaining material loss maps were visually assessed by the committee and jointly categorised into 4 groups (b -e). 
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